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USP7 inhibitor P22077 inhibits neuroblastoma growth 
via inducing p53-mediated apoptosis 

Y-H Fan\ J Cheng\ SA Vasudevan^ J Dou^'^ H Zhang^ RH Patel^ IT Ma^ Y Rojas^ Y Zhao\ Y Yu^ H Zhang^ JM Shohet\ 
JG Nuchtern^ ES Kim^ and J Yang*'^ 

Neuroblastoma (NB) is a common pediatric cancer and contributes to more than 15% of all pediatric cancer-related deaths. 
Unlike adult tumors, recurrent somatic mutations in NB, such as tumor protein 53 (p53) mutations, occur with relative paucity. 
In addition, p53 downstream function is intact in NB cells with wild-type p53, suggesting that reactivation of p53 may be a viable 
therapeutic strategy for NB treatment. Herein, we report that the ubiquitin-specific protease 7 (USP7) inhibitor, P22077, potently 
induces apoptosis in NB cells with an intact USP7-HDM2-p53 axis but not in NB cells with mutant p53 or without human homolog 
of MDM2 (HDM2) expression. In this study, we found that P22077 stabilized p53 by inducing HDM2 protein degradation in NB 
cells. P22077 also significantly augmented the cytotoxic effects of doxorubicin (Dox) and etoposide (VP-16) in NB cells with an 
intact USP7-HDM2-p53 axis. Moreover, P22077 was found to be able to sensitize chemoresistant LA-N-6 NB cells to 
chemotherapy. In an in vivo orthotopic NB mouse model, P22077 significantly inhibited the xenograft growth of three NB cell 
lines. Database analysis of NB patients shows that high expression of USP7 significantly predicts poor outcomes. Together, our 
data strongly suggest that targeting USP7 is a novel concept in the treatment of NB. USP7-specific inhibitors like P22077 may 
serve not only as a stand-alone therapy but also as an effective adjunct to current chemotherapeutic regimens for treating NB 
with an intact USP7-HDM2-p53 axis. 
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Neuroblastoma (NB) is an embryonic tumor of the sympa- 
thetic nervous system that is derived from neural crest cells. 
It is the most common extracranial solid tumor in children and 
accounts for more than 15% of all pediatric cancer-related 
deaths.^ Despite dramatic escalations in therapy over the 
past years, only modest improvements in overall survival of 
high-risk NB patients have been achieved. ^"^ Therefore, 
novel therapeutic targets and strategies are urgently needed 
to significantly improve the therapeutic efficacy. Unlike adult 
tumors, recurrent somatic mutations in NB occur with relative 
paucity.^ It suggests that reactivation of critical tumor 
suppressor genes, such as tumor protein 53 (p53), may be 
a viable strategy to treat NB. 

The tumor suppressor p53 is one of the most studied and 
most important regulators of multiple signaling pathways, 
including normal cellular processes and those triggered by 
diverse cellular stresses. ^"""^ p53 induces cell growth arrest, 
apoptosis, and senescence and is mutated in over 50% of all 
cancers.^ ^'^^ In NB, however, p53 mutations are exceedingly 
rare and occur in less than 2% of primary tumors.^' ''^ '"^ 



Additionally, several studies have shown that p53 down- 
stream functions are intact in NB, and when activated, p53 
is capable of inducing normal apoptotic responses. ''^"''^ 
The available evidence highlights that pharmacological 
reactivation of p53 in NB is a potential and viable strategy to 
treat NB patients. 

In unstressed cells, p53 protein level and activity are 
maintained at an extremely low level by its primary negative 
regulator, mouse double minute 2 homolog (MDM2) (human 
homolog HDM2).''^'''^ MDM2 is an E3 ubiquitin (Ub) ligase that 
ubiquitinates p53, which results in proteasomal degradation of 
p53.^°'^^ The effect of MDM2 on p53 has been shown in 
previous studies in which genetic deletion of MDM2 results in 
p53 accumulation and subsequent cell death. ^^"^"^ MDM2, 
however, is extremely unstable and requires the presence of 
ubiquitin-specific protease 7 (USP7), an MDM2 de-ubiquiti- 
nase, to stabilize it.^^ USP7 deficiency in mouse embryonic 
fibroblasts (MEFs) greatly reduces the half-life of MDM2 and 
activates p53.^^ Taken together, these studies suggest that 
USP7-MDM2-p53 is a critical axis that functions to limit the 
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level of p53 in cells and that USP7 inhibition can result in p53 
activation and cell death. 

P22077 has been recently identified, by activity-based 
chemical proteomics, as an inhibitor of USP7.^'' P22077 
activates p53 and its targeted gene p21 (cyclin-dependent 
kinase inhibitor 1) in human colon carcinoma HCT116 cells 
in vitro.^^ The antitumor effect of P22077 in vivo has not yet 
been studied. Here, we report that USP7 inhibitor, P22077, 
potently activates p53 by decreasing HDM2 levels in NB cells 
with an intact USP7-HDM2-p53 axis and efficiently inhibits 
tumor growth in vivo. P22077 also enhances chemothera- 
peutic efficacy and sensitizes chemoresistant NB cells to 
common chemotherapeutic drugs such as doxorubicin (Dox) 
and etoposide (VP-16). In addition, high expression of USP7 
in NB patients predicts poor outcomes. Collectively, we 
demonstrate that USP7 is a viable therapeutic target in NB 
and that the USP7 inhibitor, P22077, can serve as a single 
agent or as an effective adjunct to current chemotherapeutic 
regimens in the treatment of NB. 

Results 

USP7 inhibitor (P22077) induces apoptosis in a subtype 
of NB cell lines. To determine the antitumor effect of 
P22077, we first tested whether P22077 could induce cell 
death in a panel of NB cell lines including three 
MYCN-amplified (IMR-32, NGP, and NB-19) and three 
MYCN non-amplified (CHLA-255, SK-N-AS, and SH-SY5Y) 
cell lines. P22077 greatly reduced the cell viability of IMR-32, 
NGP, GHLA-255, and SH-SY5Y cells but not that of NB-19 
and SK-N-AS cells (Figure 1a). Microscopic images of cell 
morphology showed that P22077 dramatically induced cell 
death in IMR-32 and SH-SY5Y cells but not in SK-N-AS cells 
(Figure lb). Furthermore, bioluminescent images of cells 
also confirmed that P22077 could induce cell death in IMR- 
32, SH-SY5Y, and NGP cells but not in SK-N-AS cells 
(Figure 1c). Our results demonstrate that P22077 potently 
induces cell death in a subset of NB cell lines. We further 
quantified the percentage of P22077-induced apoptotic cells 
in the above six NB cell lines. Consistently, we found that 
P22077 induced apoptosis in IMR-32, SH-SY5Y, NGP, and 
CHLA-255 cells but not in NB-19 and SK-N-AS cells 
(Figure Id and Supplementary Figure SI). Together, 
P22077 potently induces apoptosis in a subset of NB cell 
lines, and its effect is independent of MYCN status. 

P22077 activates p53 in NB cells with an intact USP7- 
HDI\/I2-P53 axis. To understand the molecular mechanism 
that determines the sensitivity of NB cells to P22077, we 
examined the expression level of USP7, HDM2, and p53 in 
the above six NB cell lines along with LA-N-6 cells, a known 
chemoresistant NB cell line. All the tested NB cells showed 
high expression of USP7 (Figure 2a). SK-N-AS cells have a 
truncated, mutant p53, and NB-19 cells have no detectable 
HDM2 protein (Figure 2a). To further determine which cell 
lines have intact p53 signaling, we treated the cells with Dox, 
a known p53 inducer and a commonly used chemo- 
therapeutic drug. Dox induced p21 expression in IMR-32, 
CHLA-255, and SH-SY5Y cells (Figure 2b). Dox also induced 
Bcl2-associated X protein (Bax) expression in all cells except 



SK-N-AS cells (Figure 2b). These results suggest that all 
P22077-sensitive cell lines possess intact p53 signaling and 
HDM2 expression, whereas in the two P22077-insensitive 
cell lines, SK-N-AS and NB-19 possesses mutant p53 or 
lacks expression of HDM2, respectively. Therefore, we 
conclude that P22077 sensitivity is determined by the 
USP7-HDM2-p53 axis in NB cells, and P22077 is capable 
of inducing apoptosis in NB cell lines with an intact 
USP7-HDM2-P53 axis. 

To further determine the molecular mechanism of P22077- 
induced apoptosis, we examined whether P22077 could 
stabilize p53 protein by reducing HDM2 stability. As showed 
in Figures 2c and d, P22077 strongly stabilized p53 protein in 
p53 wild-type cells (IMR-32 and SH-SY5Y) and was less 
potent in p53 mutant SK-N-AS cells (Figures 2c and d). 
Consistently, P22077 strongly suppressed HDM2 protein 
level in IMR-32 and SH-SY5Y cells but less potent in SK-N-AS 
cells. P22077 treatment did not affect USP7 protein level in 
the cells examined (Figures 2c and d). Quantification data 
from four independent experiments demonstrated that 
P22077 treatment could significantly stabilize p53 and 
destabilize HDM2 in IMR-32, SK-N-AS, and SH-SY5Y cells 
(Figures 2e and f). Furthermore, P22077 strongly induced 
poly (ADP-ribose) polymerase (PARP) and Caspase-3 
cleavage in p53 wild-type IMR-32 and SH-SY5Y cells but 
not in p53 mutant SK-N-AS cells (Figure 2g). Our results 
demonstrate that P22077 induces apoptosis by reactivation of 
p53 in NB cells with an intact USP7-HDM2-p53 axis. 

P22077 significantly enhances the cytotoxic effect of 
Dox and VP-16 on NB cells. As p53 is activated by 
genotoxic stress and has a key role in genotoxic stress- 
induced cell death, we reasoned that pharmacological 
inhibition of USP7 activity would potentiate p53 activity and 
result in increased chemosensitivity. To test our hypothesis, 
IMR-32, SH-SY5Y, and SK-N-AS cells were treated with Dox 
in combination with or without P22077. P22077 significantly 
enhanced the cytotoxic effect of Dox on SH-SY5Y and IMR- 
32 cells but not on SK-N-AS cells (Figures 3a, c and e). 
P22077 also significantly enhanced the cytotoxic effect of 
VP-16 on SH-SY5Y and IMR-32 cells but not on SK-N-AS 
cells (Figures 3b, d and f). To further confirm that our finding 
was not limited by cell type, we used three more NB cell lines 
(NGP, NB-19, and CHLA-255) and similar results were 
observed in all cell lines tested (Supplementary Figure S2). 
Our results demonstrate that P22077 enhances the cytotoxic 
effect of Dox and VP-16, and this effect is dependent on an 
intact USP7-HDM2-P53 axis but independent of MYCN 
status in NB cells. 

P22077 enhances Dox- and VP-16-induced p53-mediated 
apoptosis. Because p53 activation is critical for genotoxic 
stress-induced cell death, we reasoned that the potentiated 
cytotoxic effect of Dox or VP-1 6 by P22077 may be a result of 
stabilization of p53 by P22077. To test this hypothesis, we 
examined whether P22077 could enhance chemotherapy- 
induced p53 expression in IMR-32 cells. As shown in Figures 
4a and b, P22077 enhanced Dox- and VP-16-induced p53 
expression in IMR-32 cells. Consistently, Dox and P22077 
together significantly increased the cleavage of Caspase-3 
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Figure 1 USP7 inhibitor P22077 sliows dose-dependent cytotoxic effects in NB cell lines, (a) Cells were seeded in 96-well plates and 24 h later exposed to P22077 at 
indicated doses for 24 h. Cell viability was assessed by CCK-8 assay. Results presented as % vehicle ± S.D. (n = 6). *P<0.05, **P<0.01, ***P< 0.001 (Student's Mest). 
(b) Cells were seeded in six-well plates treated with indicated doses of P22077 for 24 h and were photographed by using the optical microscope, (c) IMR-32, NGP, SH-SY5Y, 
and SK-N-AS cell lines with luciferase expression were seeded in 48-well plates, after treatment of P22077 at indicated doses for 24 h, D-luciferin was added to each well for 
1 0 min. Images were taken by bioluminescence imaging instrument, (d) IMR-32, SH-SY5Y, and SK-N-AS cells were treated with 0, 1 0, and 20 ^M of P22077 for 24 h and then 
apoptotic cells were counted by flow cytometry using PI staining 



and PARP in IMR-32 but not in SK-N-AS cells compared with 
Dox treatment alone (Figures 4c and e). Furthermore, 
P22077 also increased VP-16-induced Caspase-3 and 
PARP cleavage in IMR-32 cells (Figure 4d). Our results 
indicate that P22077 significantly enhances the cytotoxic 
effect of Dox and VP-16 on NB cells by stabilizing p53. 

P22077 sensitizes tlie cliemoresistant LA-N-6 cells to 
Dox and VP-16-induced apoptosis. Next, we tested 



whether P22077 could overcome the established chemo- 
resistance in NB cells. The chemoresistant LA-N-6 cell line 
was treated with equivalent doses of P22077, Dox, and VP- 
16. Consistent with previous reports, LA-N-6 cells were 
resistant to Dox- and VP-16-induced cell death up to the 
dose of 10 ^M.^^ However, lO^M of P22077 caused -50% 
cell death (Figure 5a). Furthermore, P22077 was more 
potent at inducing apoptosis when compared with Dox and 
VP-16 (Figure 5b). P22077 could also significantly enhance 
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Figure 2 P22077 increases p53 activity and induces apoptosis in p53 wild-type and HDM2-expressing NB cells, (a) The expression of USP7, HDM2, and p53 basal level in 
seven NB cell lines was detected by WB. (b) NB cells untreated or treated with 1 /uU of Dox for 8h were subjected to SDS-PAGE and immunoblotted with p21 and Bax 
antibodies, (c and d) IMR-32, SK-N-AS, and SH-SY5Y cells were exposed to 10 /iM of P22077 for varying durations (0-8 h) and then subjected to SDS-PAGE and 
immunoblotted with p53, HDM2, and USP7 antibodies, (e and f) Quantification of p53 (e) and HDM2 (f) protein level from four independent experiments, (g) IMR-32, 
SH-SY5Y, and SK-N-AS cells were exposed to 1 0 ^M of P22077 for varying durations (0, 16, and 24 h) and then subjected to SDS-PAGE and immunoblotted with PARP and 
Caspase-3 antibodies. j6-Actin antibodies were used as a loading control 
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Figure 3 P22077 enhances Dox- and VP-16-induced inhibition of cell proliferation in p53 wild-type NB cell lines, (a, c and e) IMR-32, SH-SY5Y, and SK-N-AS cells were 
seeded in 96-well plates and after 24 h of incubation with increasing concentrations of Dox (0, 0.1, 0.5, 1, and 2^M) plus DMSO or 5fiM of P22077, proliferation was 
measured by a CCK-8 assay, (b, d and f) IMR-32, SH-SY5Y, and SK-N-AS cells were seeded in 96-well plates and after 24 h of incubation with increasing concentrations of 
VP-16 (0, 1, 5, 10, and 50 ^M) plus DMSO ordfiU of P22077, proliferation was measured by a CCK-8 assay. Results presented as % vehicle ±S.D. (n = 6). *P<0.05, 
**P< 0.01, ***P< 0.001 (Student's f-test) 



Dox- and VP-16-induced cell death in LA-N-6 cells 
(Figures 5c and d and Supplementary Figure S3). P22077 
increased p53 protein level and suppressed HDM2 protein 
level in LA-N-6 cells (Figure 5e). In addition, P22077 induced 
a much higher p53 protein level compared with Dox and 
VP-16 in LA-N-6 cells (Figure 5f). However, we did not 
observe obvious p53 mRNA induction after P22077 treat- 
ment when compared with Dox treatment in LA-N-6 cells 
(Figure 5g). Taken together, these results indicate that 
P22077 can overcome the established chemoresistance in 
NB cells by reactivating p53. 

P22077 significantly inliibits NB tumor growtli 
in vivo. Next, we tested whether USP7 inhibition by 
P22077 could inhibit NB tumor growth in vivo. We utilized an 
orthotopic NB mouse model by surgical injection of 
IMR-32 cells with luciferase expression into the left renal 



capsule of nude mice. Two weeks after injection, tumor 
signals were detected by bioluminescent imaging. Mice 
bearing tumors were randomly divided into two groups and 
treated with dimethyl sulfoxide (DMSO) (control) or P22077. 
P22077 was administered alone at 1 5 mg/kg daily for 3 weeks. 
Treatment with P22077 significantly inhibited tumor growth 
when compared with control (Figures 6a and b). We observed 
similar results using other two NB cell lines, SH-SY5Y and 
NGP, in the orthotopic NB mouse models (Figures 6c-f). 
Of note, there were no obvious health problems or weight loss 
of mice in either the control or treatment group during the 
Study (Supplementary Figure S4). Our results demonstrate 
that P22077 is a potent antitumor drug for treating NB with an 
intact USP7-HDM2-p53 axis in the mouse model. 

Higli expression of USP7 predicts poor outcome in NB 
patients. P22077-mediated inhibition of NB growth in vitro 
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Figure 4 P22077 enhances Dox- and VP-16-induced apoptosis in p53 wild-type NB cell line, (a and c) IMR-32 cells were treated with either Dox (0.5 fiU) alone, P22077 
(5 ^(M) alone, or a combination for varying durations, subjected to SDS-PAGE, and immunoblotted with p53, PARP, and Caspase-3 antibodies, (b and d) IMR-32 cells were 
treated with either VP-16 (10 /iM) alone, P22077 (5 fiM) alone, or combination for varying durations, then subjected to SDS-PAGE, and immunoblotted with p53, PARP, and 
Caspase-3 antibodies, (e) SK-N-AS cells were treated with either Dox (0.5 ^M) alone, P22077 (5 ^M) alone, or combination for varying durations, then subjected to SDS- 
PAGE, and immunoblotted with PARP or Caspase-3 antibodies 



and in vivo demonstrates that USP7 is a viable target for the 
treatment of NB. We examined whether USP7 expression 
can be used to predict outcomes of NB patients. Data 
analysis in the R2 database (R2: http://r2.amc.nl) shows that 
high expression of USP7 significantly predicts poor outcome 
in the Versteeg-88 data set (P=0.01) (Figure 7a). This is 
consistent with results of MYCN non-amplified NB patients 
from the Seeger-102 data set (P=0.018) (Figure 7b). These 
findings suggest that USP7 is a potential biomarker for the 
prediction of outcomes in NB patients. 

Discussion 

The activation of genomic guardian p53 can induce tumor cell 
death, and the identification of small molecules allowing p53 
reactivation is one of the most actively explored fields in 
cancer research. This is particularly remarkable for NB 
therapy due to the fact that the majority of NB tumors have 
wild-type p53 and its intact downstream pathway. ^'"'^''"^ Here, 
we report that USP7 inhibitor P22077 is a potent p53 
reactivator in NB cells that possess an intact USP7-HDM2- 
p53 axis. In addition, P22077 also significantly improves the 
efficacy of currently used chemotherapeutic drugs and 
overcomes the established chemoresistance in NB cells 
in vitro. P22077 inhibits NB tumor growth in an orthotopic 
mouse model. Collectively, we have demonstrated that 
inhibition of USP7 by a small-molecule inhibitor P22077 can 
result in reactivation of p53 and consequently inhibit tumor 
growth. All of the tested seven NB cell lines show high 
expression of USP7 protein, indicating that USP7 is an ideal 



target in NB. This is further supported by the microarray 
analysis data with NB patient tumor samples, showing that 
high expression of USP7 predicts poor outcomes. Taken 
together, we conclude that targeting USP7 by small-molecule 
inhibitors such as P22077 is a novel therapeutic concept 
in NB. 

Several compounds that target HDM2 have been shown to 
be able to reactivate p53.^°'^^ These include small molecules 
such as Nutlin-3, which blocks the interaction of p53 with 
MDM2; HLI98, which targets the Ub ligase activity of 
MDM2.^^~^^ RG7112 is an analog of Nultin-3a and has been 
tested in clinical trials for the treatment of advanced solid 
tumors and hematologic neoplasms (www.clinicaltrials.gov, 
NCT00559533, NCT00623870). These approaches support 
efforts to treat human cancers by the way of pharmacological 
reactivation of p53. Here, we show that inhibition of USP7 by a 
small-molecule inhibitor P22077 is an alternative and efficient 
approach to reactivate p53 in NB cells. MDM2 acts as 
a primary negative regulator of p53 by two major ways: 
(1) through ubiquitination of p53 to promote proteasome- 
mediated degradation; and (2) by directly binding to p53 and 
masking its transactivation domain. ^^'^^ Therefore, it is very 
likely that pharmacological inhibition of USP7, a master 
de-ubiquitinase that controls MDM2 stability, is more efficient 
than the inhibition of either MDM2/p53 interaction or 
MDM2-E3 ligase activity alone. 

USP7 has a key role in regulating the level of p53 protein 
and is one of the most interesting de-ubiquitinating 
enzymes from a therapeutic perspective. ^^'^^ However, 
pharmacological inhibition of USP7 has been achieved only 
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Figure 5 P22077 induces apoptosis in cliemoresistant LA-N-6 cell line, (a) LA-N-6 cells were seeded in 96-well plates and after 24 h of incubation with increasing 
concentrations of Dox, VP-16, or P22077 (0,5,10, 20, and 50 fiU), cell proliferation was measured by a CCK-8 assay, (b) LA-N-6 cells were treated with 1 0 /^M of Dox, VP-16, 
or P22077 for 24 h and apoptotic cells were counted by flow cytometry using PI staining, (c) LA-N-6 cells were treated with either Dox alone, P22077 alone, or a combination 
for varying doses, cell proliferation was measured by a CCK-8 assay, (d) LA-N-6 cells were treated with either VP-16 alone, P22077 alone, or a combination for varying doses, 
proliferation was measured by a CCK-8 assay, (e) LA-N-6 cells were treated with P22077 (lO^M) for a varying duration (0-8 h) and subjected to SDS-PAGE and 
immnoblotted with p53, HDM2, and USP7 antibodies. j6-Actin antibodies were used as a loading control, (f) LA-N-6 cells were treated with P22077 (10 /iM), Dox (^OfM), or 
VP-1 6(10 luU) with different duration and subjected to SDS-PAGE, and immnoblotted with p53 antibodies. p-M\n antibodies were used as a loading control, (g) LA-N-6 cells 
were treated with P22077 (^0|uU), Dox (10 /iM) or VP-16 (lO^M) with different duration and subjected to Real-time RT-PCR for quantification of P53 mRNA. Results 
presented as % vehicle ±S.D. (n = 6). *P<0.05, **P<0.01, ***P< 0.001 (Student's f-test) 



recently. To our knowledge, there are five small-molecular 
inhibitors (HBX42108, HBX19818, HBX28258, P5091, 
and P22077) and one Ub variant (U7Ub25.2540) that have 
been reported to inhibit USP7 in cells.^^'^^""^^ Among these 
inhibitors, only P5091 has been tested in vivo and has 
been shown to inhibit multiple myeloma proliferation.^^ 
Our data demonstrate that P22077 is a potent USP7 inhibitor 
and can efficiently induce p53-mediated apoptosis in NB cells 
with an intact USP7-HDM2-p53 axis and inhibit NB growth 
in vivo. 



One of the possible caveats of USP7 inhibitor for tumor 
treatment is its potential toxicity. Genetic deletion of USP7 in 
mice results in early embryonic death between embryonic 
days E6.5 and E7.5. This suggests that USP7 is required for 
mouse development in the embryonic stage. In our treatment 
strategy, mice treated with P22077 (15mg/kg) on a daily 
schedule for 3 weeks or 20mg/kg on a daily schedule for 
12 days did not show obvious health problems or weight loss 
in our in wVo model. The in wVotreatment using another USP7 
inhibitor, P5091 (20mg/kg), on a twice-weekly schedule for 
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Figure 6 P22077 inhibits NB tumor growth in an orthotopic xenograft mouse model, (a) Photos of IMR-32-derived tumors and corresponding right sided kidney controls 
from DMSO control group and P22077 treatment group (15 mg/kg) at the end of treatment (21 days), (b) IMR-32-derived tumor weights from the end of treatment presented as 
the mean with SDs. *P<0.05 (Student's f-test; one tailed), (c) Photos of SH-SY5Y-derived tumors and corresponding right sided kidney controls from DMSO control group 
and P22077 treatment group (10 mg/kg) at the end of treatment (14 days), (d) SH-SY5Y-derived tumor weights from the end of treatment presented as the mean with SDs. 
*P< 0.05 (Student's f-test; two-tailed), (e) Photos of NGP-derived tumors and corresponding right side kidney controls from DMSO control group and P22077 treatment group 
(20 mg/kg) at the end of treatment (12 days), (f) NGP-derived tumor weights from the end of treatment presented as the mean with SDs. ***P< 0.001 (Student's f-test; two-tailed) 



3 weeks did not show weight loss either.^^ The very limited 
in vivo data suggest that pharmacological inhibition of USP7 
after the embryonic stage may be safe. However, more in vivo 
data with USP7 inhibitors and analysis of the effect of 
USP7 genetic deletion on mice after birth are required to 
determine the safety of targeting USP7 with its small-molecule 
inhibitors. 

In summary, a small molecule, P22077 inhibits the function 
of USP7 resulting in p53 reactivation in NB cells (Figure 7c). 
Our preclinical studies provide the rationale for the develop- 
ment of de-ubiquitinase-based therapies for NB and specifi- 
cally demonstrate the promise of therapeutics targeting USP7 
to improve the outcome of NB patients. NB patients with an 
intact USP7-HDM2-p53 axis may benefit from P22077 
treatment either as single antitumor drug or as an effective 
adjunct to current chemotherapeutic regimens (Figure 7c). 



Materials and Methods 

Reagents and antibodies. P22077 [1-(5-((2, 4-difluorophenyl) thio)-4- 
nitrothiophen-2-yl) ethanone] was purchased from EMD Millipore (662142) (EMD 
Millipore, Billerica, MA, USA). Anti-PARP (9532 S), anti-Caspase-3 (9662 S), 
anti-Mouse (7076 S), and anti-Rabbit (7074 S) antibodies were purchased from 
Cell Signaling (Cell Signaling Technology, Danvers, MA, USA). Anti-p53 (sc-126), 
anti-HDM2 (sc-813), anti-p21 (sc-53870), and anti-Bax (sc-493) were purchased 
from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Dallas, TX, USA). 
Anti-USP7 (A300-033A) antibodies were purchased from Bethyl (Bethyl 
Laboratories, Montgomery, TX, USA). Anti-j6-Actin (A2228) antibodies, Dox 
(D1515), and etoposide (VP-16, El 383) were purchased from Sigma 
(Sigma-Aldrich Corp, St. Louis, MO, USA). 

Cell lines and cell culture. The human NB cell lines IMR-32, NGP, NB-19, 
CHLA-255, SK-N-AS, and SH-SY5Y were maintained in RPMI 1640 (Cellgro, 
Manassas, VA, USA) supplemented with 10% heat-inactivated fetal bovine serum 
(FBS) (SAFC Biosciences, Lenexa, KS, USA), 100 units/ml penicillin, 100^g/ml 
streptomycin, and 2mM glutamine. The LA-N-6 cell line was maintained in RPMI 
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Figure 7 Outcomes of NB patients based on USP7 gene expression. The R2 gene expression databases (R2: http://r2.amc.nl) were evaluated for outcomes of NB 
patients, and Kaplan-Meier survival curves were generated, (a) Estimated overall survival for patients who have tumors with high USP7 gene expression (blue; n = 55) and 
low USP7 gene expression (red; n = 33). (b) Estimated relapse-free survival for patients who have tumors with high USP7 gene expression (blue; n = 28) and low USP7 gene 
expression (red; n = 74). (c) A working model to show that USP7 de-ubiquitinates and stabilizes HDM2. HDM2 further ubiquitinates p53 and promotes p53 degradation. 
P22077-mediated inhibition of USP7 function results in HDM2 degradation and p53 reactivation in NB. NB patients with an intact USP7-HDM2-p53 axis will be beneficial from 
P22077 treatment as either a single antitumor drug or an effective adjunct to current chemotherapeutic regimens 



1640 containing 20% heat-inactivated FBS, 100 units/ml penicillin, 100^g/ml 
streptomycin, and 2 mM glutamine. All cells were grown in a humidified incubator 
containing 5% CO2 at 37 °C. NB-19 and LA-N-6 were kindly provided by 
Dr. A Davidoff (St. Judes's Children's Research Hospital, Memphis, TN, USA) and 
Dr. R Seeger (Children's Hospital of Los Angeles, Los Angeles, CA, USA), 
respectively. The SK-N-AS cell line with stable expression of luciferase was 
generated by transfection with a pcDNA3 luciferase expression plasmid into cells. 
A stable cell line was established after 10 days of 800^g/ml G418 (Enzo Life 
Sciences, Farmingdale, NY, USA) selection. 

Cell viability assay. Cell viability assays were assessed using the Cell 
Counting Kit-8 (CCK-8, WST-8[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5- 
(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt]) (Dojindo Laboratories, 
Rockville, MA, USA) following the manufacturer's instructions. Cells were seeded 
in 96-well flat-bottomed plates at the density of 1 x 10"^ per well. After 24 h of 
incubation at 37 °C, increasing concentrations of P22077, Dox, VP-16, or their 
combinations were added to the wells. Twenty-four hours later, 10^1 of CCK-8 
was added into each well and after 1 h of incubation, the absorbance was 
measure at 450 nm using the microplate reader. Each experiment was performed 
in replicates of six. Background reading of media only was used to normalize the 
results. 

Immunoblotting assay. Cells were washed with ice cold PBS and lysed 
using cold RlPA buffer (25 mM HEPES at pH 7.7, 135 mM NaCI, 1% Triton X-100, 
25 mM j6-glycerophosphate, 0.1 mM sodium orthovanadate, 0.5 mM phenylmethyl- 
sulfonylfluoride, 1 mM dithiothreitol, 10^g/ml aprotinin, 10/ig/ml leupeptin, 1 mM 
benzamidine, 20 mM disodium p-nitrophenylphosphate, and phosphatase inhibitor 
cocktail 2 and 3) (P5726 and P0044) (Sigma). After measuring the protein 
concentrations using Bradford reagent (Bio-Rad, Hercules, CA, USA), the whole- 
cell lysates were subjected to sodium dodecyl sulfate (SDS) polyacrylamide gel 
electrophoresis (PAGE), transferred to polyvinylidence fluoride (PVDF) membrane 



(Bio-Rad), and then probed with the indicated primary antibodies overnight at 4 °C. 
After incubation with the respective horse radish peroxidase (HRP)-conjugated 
secondary antibodies against mouse or rabbit for 1h at RT (25 °C), the 
membranes were visualized using the ECL-Plus Western detection system 
(GE Health Care, Buckinghamshire, UK). 

Propidium iodide staining assay. Cells were exposed to different 
concentrations of P22077, Dox, VP-16, or DMSO for 24 h. Cells were trypsinized, 
resuspended in RPMI 1640 medium, centrifuged at 400 x g for 5min at 4°C. 
Cells were resuspended and washed with cold PBS twice. Finally, non-fixed cells 
were resuspended in 1 x binding buffer (51 -661 21 E) (BD Biosciences, San Jose, 
CA, USA) at a concentration of 1 x 10^ cells per ml. Five microliters of propidium 
iodide (PI) staining solution (51 -6621 IE) (BD Biosciences) was added to each 
tube containing 100^1 of non-fixed suspended cells and incubated with cells for 
15 min at RT. The samples were then analyzed by flow cytometry within 1 h after 
the addition of 400 /il of 1 x binding buffer. Pi-positive cells were considered as 
apoptotic cells, which are permeable to PI owing to the loss of membrane integrity. 
Unstained cells were used as the negative control and untreated cells were used 
as a control to treated cells. 

Cytotoxic effect of P22077 on NB cell proliferation. Cells with or 
without luciferase expression were seeded in 48-well or 6-well plates at 
appropriate concentrations. After incubation for 24 h, cells were treated with 0, 10, 
or 20 /iM of P22077 for 24 h at 37 °C. Cells were observed and photographed 
either by adding D-luciferin (Caliper Life Sciences, Hopkinton, MA, USA) into cells 
followed by bioluminescence imaging or by the optical microscope. 

Effect of P22077 on NB growth in an orthotopic mouse 
model. The orthotopic NB mouse model was established as previously 
described.^^ Briefly, 1.5x10^ human IMR-32, SH-SY5Y, or NGP cells with 
luciferase expression were surgically injected into the left renal capsule of 
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5-week-old female NCR nude mice. IMR-32, SH-SY5Y, and NGP-derived 
xenografts were allowed to grow for ~2-3 weeks before randomizing the mice 
into a control group and a P22077 treatment group. Each group consisted of three 
or six mice. Animals were treated with DMSO or P22077 by intraperitoneal (i.p.) 
injection every day for 12, 14, or 21 days. At the end of the experiments, all mice 
were killed. Tumors and the right side control kidneys were resected, weighed, and 
photographed. All mice were housed in a pathogen-free environment and handled 
in strict accordance to institutional protocol. 

Statistical analysis. Two-tailed Student's f-test was used to determine the 
statistical significance of the in vitro drug treatment experiments. Two- or one- 
tailed Student's f-test was used to determine the statistical significance of tumor 
sizes between the control and treatment groups. All values are presented as the 
mean ± standard deviation (S.D.). A P-value of less than 0.05 was considered 
statistically significant. 
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